We investigated the patterns of fixational saccades in human observers performing two classical perceptual tasks: grating detection and discrimination. First, participants were asked to detect a vertical or tilted grating with one of three spatial frequencies and one of four luminance contrast levels. In the second experiment, participants had to discriminate the spatial frequency of two supra-threshold gratings. The gratings were always embedded in additive, high-or low-contrast pink noise. We observed that the patterns of fixational saccades were highly idiosyncratic among participants. Moreover, during the grating detection task, the amplitude and the number of saccades were inversely correlated with stimulus visibility. We did not find a systematic relationship between saccade parameters and grating frequency, apart from a slight decrease of saccade amplitude during grating discrimination with higher spatial frequencies. No consistent changes in the number and amplitude of fixational saccades with performance accuracy were reported. Surprisingly, during grating detection, saccade number and amplitude were similar in grating-with-noise and noise-only displays. Grating orientation did not affect substantially saccade direction in either task. The results challenge the idea that, when analyzing low-level spatial properties of visual stimuli, fixational saccades can be adapted in order to extract task-relevant information optimally. Rather, saccadic patterns seem to be overall modulated by task context, stimulus visibility and individual variability.
Introduction
During fixation, the eyes are continuously moving over short distances. These miniature eye movements have been classified into three different types (see Collewijn & Kowler, 2008 for a review), known as tremor, drift and fixational saccades, the latter being often referred to as microsaccades under stringent amplitude criteria. While it is now well established that slow drift may have a significant impact on low-level visual processing (Ahissar & Arieli, 2012; Kuang et al., 2012; Rucci et al., 2007) , the debate is still open about the functional roles of fixational saccades (see Martinez-Conde, Macknik, & Hubel, 2004; Rolfs, 2009 for reviews) . Several studies have proposed that these small saccades may contribute to visual inspection of images, in a similar way to what larger, regular saccades do (e.g., Steinman et al., 1973) . In this perspective, fixational saccades would redirect the gaze toward task-relevant details falling within the foveal region. For instance, Ko, Poletti, and Rucci (2010) required observers to perform a virtual threading of a needle and found that fixational saccades improved the judgment of the relative alignment of the two objects by dynamically shifting the gaze between the two critical locations, the tip of the thread and the eye of the needle. Coherently, Poletti, Listorti, and Rucci (2013) demonstrated that they might counterbalance the small differences in visual acuity across the foveal region by redirecting the preferred fixation locus on the critical portion of the stimulus. In both studies fixational saccades significantly improved perceptual performance.
Whether, and how, these saccades also modulate low-level visual perception is less clear. Their impact was originally suggested by the seminal observation that retinal stabilization impairs visual detection and discrimination of fine spatial patterns (Rucci & Desbordes, 2003; Rucci et al., 2007; Steinman et al., 1973) . However, these studies do not rule out the possibility that the enhancement of fine spatial details and of discrimination performance might be primarily due to the temporal modulations introduced by drift and tremor. Another cue for a role of fixational saccades in vision comes from investigating how they may be influenced by the statistics of the fixated patterns. Indeed, several studies have shown that the saccadic properties may depend on both global and local patterns of luminance information. During simple fixation tasks, the distribution of saccade amplitude and http://dx.doi.org/10.1016/j.visres.2015.03.013 0042-6989/Ó 2015 Elsevier Ltd. All rights reserved. direction may be related to the size and the shape of the foveated input (e.g., Cherici et al., 2012; Steinman, 1965) . During free-viewing of oriented Gabors embedded in noise, Wismeijer and Gegenfurtner (2012) found that small saccades (amplitude <1 deg), but not larger ones, tended to be preferentially oriented orthogonally to the Gabor orientation. Work from our team has however indicated that, in humans and monkeys, the amplitude and direction patterns of both small and regular saccades may be similarly biased by the statistical content of the fixated textures (Simoncini et al., 2012) . If the properties of fixational saccades are influenced by the spatial characteristics of the image to be freely fixated, one may wonder whether their pattern further depends on whether observers are actively engaged in a perceptual task. Requiring discrimination of the orientation of large ellipses embedded in visual noise, Hicheur et al. (2013) reported that, during the time interval preceding a correct behavioral choice, the distribution of saccadic direction was biased along the ellipse's principal axis. This result consolidates early observations of stimulus-specific modulations of the saccade amplitude and of the fixation pattern when participants scanned or detected a periodically luminance-modulated stimulus (Arend & Skavenski, 1979; . In the most meticulous study to date, Deubel and Elsner (1986) reported that observers produced saccades of amplitude close to half the grating's period during trials in which they showed the highest sensitivity for grating detection. In a subsequent modeling study, they suggested that such behavior would maximize information related to changes in the retinal input between successive periods of stability across saccades . They modeled this effect as a classical linear filter for the early visual stages that samples the luminance profile at the beginning and the end of saccades. Thus, the filter's response is maximized for a saccade that shifts the grating on the retina by a semi-period (i.e., from the peak to the trough of the grating). This work has led to the hypothesis that a saccade amplitude corresponding to about half of the spatial period of the grating (for saccades directed orthogonally to the luminance pattern) would optimally enhance the retinal input for contrast detection and, thus, be particularly beneficial in conditions of low visibility. Whilst these studies have claimed for a direct link between the adaptive nature of fixational saccades and the optimal information sampling for perceptual performance, a closer look at the experimental results questions this conclusion. First, pattern-specific modulations of saccade amplitude were reported for only some participants . Second, the predictions regarding saccade amplitude and direction have not been tested across a wide range of grating spatial frequencies, contrasts and orientations, or across different low-level perceptual tasks. Third, a recent study (Mostofi, Boi, & Rucci, 2014) has shown that fixational saccades were rarely produced during contrast-based discrimination of grating's orientation and led to only a slight enhancement of contrast sensitivity, limited to low-frequency gratings.
The aim of the present study was to re-evaluate this issue by assessing whether and how the patterns of fixational saccades vary during the execution of two low-level perceptual tasks. Using state-of-the-art video-based eye tracking, we required human observers to maintain the gaze on the center of the screen across all image presentations and we recorded their fixational saccades (see Procedure) during either the detection of a luminance grating embedded in pink noise (Experiment 1) or a spatial frequency discrimination between two gratings (Experiment 2). In particular, we compared grating detection and discrimination tasks in order to probe the adaptive, task-dependent nature of fixational saccades. We varied the grating's spatial frequency to test Elsner and Deubel's (1986) prediction regarding the relationship between saccade amplitude and grating spatial period in order to optimize detection. Manipulating the grating's orientation we were able to probe its impact upon saccade direction. Moreover, we changed the difficulty of the task by varying the contrast (or the spatial frequency difference in the discrimination task) of the grating and the contrast of the background noise: in this way, we were able to compare fixation patterns around and above detection or discrimination thresholds, and to estimate any potential correlation between fixational saccade parameters and perceptual performance.
2. Experiment 1: grating detection task 2.1. Material and methods
Participants
Four participants (two authors and two naïve colleagues, who gave informed consent) were tested in accordance with CNRS ethical regulations for behavioral research and with The Code of Ethics of the World Medical Association (Declaration of Helsinki).
Apparatus
The experiment and the stimuli were generated in Matlab 7.12.0 using the Psychophysics Toolbox (Brainard, 1997) and the Eyelink Toolbox (Cornelissen, Peters, & Palmer, 2002) . The experiment was conducted on a Apple MacPro4 computer running OS X 10.6.8. Stimuli were displayed on a 19-inch ViewSonic CRT monitor (resolution: 1024 Â 768 pixels, refresh rate: 100 Hz). Eye movements were recorded using a tower-mounted EyeLink 1000 (SR Research Ltd., Ottawa, Canada), sampling at a rate of 1000 Hz. Viewing was binocular, but only the right eye was tracked. A chin and forehead rest stabilized the head and the eyes 57 cm away from the screen. Manual responses were made on a standard DELL keyboard.
Materials
The experimental materials consisted of either sinusoidal gratings (radius of 15 deg) embedded in pink (1/f) noise or pink noise-only images. Gratings were smoothed with a circular Gaussian mask with a standard deviation of 3 deg. The noise was smoothed by a circular Gaussian mask with a standard deviation of 5 deg, and was presented at high (0.60) or low (0.03) root mean square pixel contrast. When overlapped with high-contrast noise, the gratings were drawn with one of three different spatial frequencies (0.5, 1 or 2.5 c/deg), one of four luminance contrast levels (0.015, 0.03, 0.06 or 0.12, defined as Michelson contrast) and with one of two different orientations (vertical or oblique with a clockwise 45-deg rotation around the vertical). When presented with low-contrast noise, only two grating spatial frequencies (0.5 or 2.5 c/deg), three levels of contrasts (0.03, 0.06 or 0.12) and one orientation (vertical) were used. Gratings and pure noise images were displayed on a medium-gray background (luminance: 32 cd/m 2 ).
Procedure
We used a two-interval forced choice paradigm, presenting the two types of test-images (grating-with-noise or noise-only) in the first and the second interval of each trial. The experiment had a blocked design for all factors, except for grating contrast. The order of stimuli presentation was counterbalanced and random within each block, for each participant. In the high-noise condition, three participants were presented with two blocks (80 and 64 trials) with a vertical grating and one block (80 trials) with a titled grating, for each of the three spatial frequencies. In the low-noise condition, the same participants ran one block (90 trials) with a vertical grating for each of the two spatial frequencies. The last participant ran a shorter version of the experiment, with the same conditions but only for vertical gratings.
Prior to each experimental block each participant underwent a randomized nine-point calibration procedure, which was validated in order to ensure that the average error was <0.5 deg and the maximum error in one of the calibration points was <1 deg. Recalibrations were performed when necessary. Before each trial, a single-point calibration check was applied while the participant was fixating a dot in the center of the screen. When it was deemed successful (error <1 deg), the trial was initiated. A medium-gray image appeared for 300 ms, followed by a single alternation of the test-images (grating-with-noise and noise-only, in random order) separated by a 500-ms gap during which the full-screen medium-gray image was shown. Each experimental image was presented for 3000 ms (Fig. 1 ). Participants were explicitly instructed to keep fixating at the center of the screen while judging whether the grating had appeared in the first or the second interval. Their judgment was provided by pressing one of two keyboard keys at the end of the trial. Although both accuracy (% of correct responses) and response times were recorded, we analyzed only response accuracy as a more reliable measure of performance.
Data analysis
Data analysis was carried out in Matlab 7.12.0 (MathWorks, Inc., Natick, MA, USA) and SPSS (IBM Corp., Armonk, NY, USA). On each trial, we analyzed eye movements during the presentation of the first and the second test-image of each trial, before response delivery. Fixational saccades were extracted in Matlab from raw data using the algorithm provided by Engbert and Kliegl (2003) , and a velocity threshold criterion equal to y = 5 standard deviations above the median velocity. This algorithm was slightly modified by enforcing a minimum temporal separation between distinct saccades (30 ms) in order to reduce the chance of false positive detections (possibly related to eye-tracker's artifacts), and a loose maximum saccadic duration (100 ms). Intervals in which ocular inspection of eye-movement traces revealed the presence of artifacts were discarded from analysis (1.83% to 10.33% of the whole data, depending on the participant). For the main analyses, we chose to consider a range of saccade amplitudes, from 0.05 to 2.5 deg (93.86-99 .65% of the whole dataset across participants) that is beyond the limit usually considered in literature for fixational saccades (61 deg). This wider range enabled us to extract and analyze most of the saccades spontaneously produced in these tasks. Nonetheless, in order to test directly the hypothesis of the functional continuum on the spatial scale of the observed saccades, we repeated our analyses on different subsamples of this saccadic population, considering separately saccades with amplitude 60.5 deg, between 0.5 and 1 deg, and greater than 1 deg. The latter range (>1 deg) yielded to a much smaller number of saccades detected compared to the other two subsamples, so that only data from participants p1 and p4 were analyzed in the low-contrast noise condition.
Detection performance was fitted with the Maximum Likelihood logistic function, using the Palamedes toolbox for Matlab, version 1.7.0 (Prins & Kingdom, 2009 ). Separate ANOVAs were conducted for each participant on mean saccade amplitude and mean saccade number per test-image, in order to analyze the main effects and the interactions of noise contrast, grating contrast and grating spatial frequency. The individual data of saccade amplitude and saccade number modulations as a function of the signal-to-noise ratio (SNR) were fitted using the Naka-Rushton least-square fit function (Naka & Rushton, 1966) . Further ANOVAs were conducted in order to consider relationships between eye movement measures (saccade amplitude and number) and performance, and to compare the two types of experimental images (grating-with-noise and noise-only). Differences between means of conditions were analyzed with SPSS Bonferroni corrected pairwise comparisons (all two-tailed). Saccade direction distributions as a function of grating orientation were also examined.
Results

Performance
Accuracy with low-contrast noise was at ceiling at all levels of grating contrast (M = 0.98). In high-contrast noise conditions, it improved from chance level to ceiling as the grating contrast increased (Fig. 2 , right panel, and Table1); it also varied slightly with the grating frequency, although only two participants (p1 and p2, see Fig. 2 , left panel, and Table 1 ) showed precisely the expected enhanced contrast sensitivity as the spatial frequency increased (e.g., Campbell & Green, 1965) .
Fixational saccades: amplitude and number
We first detail the effects of the different grating and noise parameters upon amplitude and number of fixational saccades. We will then analyze the effect of grating orientation upon saccadic direction.
2.2.2.1. Effects of noise contrast and grating contrast. There was a significant effect of noise contrast upon saccade amplitude for all participants (F P 4.05, p 6 0.044): low-contrast noise resulted in smaller fixational saccades than high-contrast noise. This change was accompanied by a significant reduction of saccade number in the low-contrast noise condition. The effect was highly significant for three of the participants (F P 11.22, p < 0.001), while participant p1 showed a similar, but not significant trend (F = 2.76, p = 0.097).
In the high-contrast noise condition, increasing grating contrast led to a significant reduction of saccade amplitude for all participants (F P 10.53, p < 0.001). The number of saccades was significantly reduced only for participants, p3 and p4 (F P 3.88, p 6 0.009). Post-hoc analysis revealed that saccadic amplitude and number were significantly different when comparing the highest grating contrast level (0.12) to each of the other contrast levels (p < 0.05). In the low-contrast noise condition, we found no coherent significant main effect of grating contrast on saccade amplitude. We examined whether these results for saccade amplitude and number could be explained by a single variable, the stimulus signal-to-noise ratio (SNR). SNR was defined as the ratio between grating and noise contrast levels, and it reflects stimulus visibility. We found that the relationships between either saccade amplitude or number and SNR are best described by decreasing sigmoidal functions (see the Naka-Rushton best fit function in Fig. 3 ). Despite some idiosyncratic differences (see, for instance, the almost linear decrease of saccade amplitude with SNR for participant p4), a coherent pattern was observed in most of the cases. Moreover, this effect of the SNR was already present during the first 500 ms after stimulus onset and persisted over the whole stimulus duration. However, when splitting the population of saccades into different amplitude ranges, we found a much weaker SNR effect for saccades up to 0.5 deg, for which higher stimulus visibility was associated to a decrease of saccade number only for participant p2 and a decrease of saccade amplitude only for participant p3.
It is important to mention that further ANOVAs showed that the main effect of noise contrast in noise-only images was similar to the one reported above for grating-with-noise images, with a decrease of both saccade amplitude (for all participants, F P 14.29, p < 0.001) and number (for p2, p3 and p4, F P 13.80, p < 0.001) in the case of low-contrast noise.
Effects of spatial frequency.
We analyzed, for high and low-contrast noise conditions separately, whether saccade amplitude was modulated by the spatial frequency of the grating. Fig. 4 illustrates saccadic amplitude distributions, and the left panels of Fig. 5 show the corresponding mean amplitude values. For high-contrast noise, we found a significant effect of spatial frequency upon saccade amplitude for all participants (F P 5.43, p 6 0.004). However, the pattern of results was highly idiosyncratic and the effect was never dramatic or monotonic. With low-contrast noise stimuli, the main effect of spatial frequency was significant only for three participants (p2, p3 and p4; F P 8.58, p 6 0.001) showing a significant reduction of saccade amplitude for a 2.5 c/deg grating when compared to a 0.5 c/deg grating.
The spatial frequency of the grating also affected significantly the number of saccades per stimulus presentation for three participants (p1, p2, p3) when the additive pink noise had either high (F P 7.99, p < 0.001) or low contrast (F P 4.17, p 6 0.042). However, apart from a general trend for the highest spatial frequency pattern (2.5 c/deg) to elicit more saccades, no coherent relationship emerged across participants, as illustrated by Fig. 5 (right panels).
We conducted two further analyses to probe the time course of saccade parameters over the 3000-ms of stimulus presentation and to tease apart the putative impact of spatial frequency upon the sub-populations of fixational saccades. Saccade amplitude and number showed no systematic effect of spatial frequency over the three temporal windows that we considered (first 500 ms, 500-1500 and 1500-3000 ms after stimulus onset). Similarly, the spatial frequency effect did not distinguish between very small (60.5 deg), small (0.5-1 deg) and larger (>1 deg) saccades.
Lastly, we reasoned that the effects of spatial frequency upon saccade amplitude and number might only emerge in trials leading to a correct perceptual detection. In order to address this possibility and to avoid any confounds related to chance performance (when correct and incorrect responses are given randomly) or nearly-optimal performance (with a strongly biased proportion of correct versus incorrect responses), we analyzed separately high-contrast noise and intermediate values of grating contrast (0.03 and 0.06). No significant effects of response accuracy or of its interaction with the grating spatial frequency were consistently found on either saccade amplitude or number. In the same way, we tested whether grating frequency and grating contrast did interact: we found no significant effect upon saccade amplitude or number, in either high-or low-contrast noise condition.
Overall, these analyses did not show a systematic decrease in saccade amplitude as the grating spatial frequency increases. In the low-contrast noise condition, we reported some indications for a decrease in saccade amplitude with higher spatial frequency although only two grating frequencies were used (Fig. 5 , left panels). In general, the mean saccade amplitudes were far from those expected on the ground of the hypothesis of maximization of luminance-changes formulated by Elsner and Deubel (1986) . Rather than scaling with half the grating period (i.e., an amplitude of 0.2, 0.5 and 1 deg for a spatial frequency of 2.5, 1 and 0.5 c/deg, respectively), the mean amplitude of the saccades was nearly constant and ranged between 0.5 and 1 deg, with large differences among viewers.
Effects of image type.
One last analysis was performed to tease apart idiosyncratic differences from stimulus-driven changes in saccade parameters by comparing trials with and without the presence of a grating. We ran separate ANOVAs for high and low-contrast noise conditions, with two main factors, the type of test stimulus (with or without a grating) and the grating spatial frequency in the corresponding block of trials. The only significant effect of image type was a reduced number of saccades with noise-only images presented during blocks of low-contrast noise conditions, for three participants (p2, p3 and p4; F P 7.16, p 6 0.008). These results strongly suggest that saccade parameters were remarkably constant over a block of conditions, and for a given participant, regardless of the presence of the grating stimulus.
Fixational saccades: direction
The analyses reported above only considered trials with vertical gratings. We subsequently compared vertical and oblique gratings to check whether grating orientation affected saccade direction.
Remember that only three participants (p1, p2, p3) were presented with both orientations, always with high-contrast noise. An orthogonal scanning was previously reported with high-contrast gratings (Wismeijer & Gegenfurtner, 2012) . In addition, in a grating orientation discrimination task, Rucci et al. (2007) showed that the selective, unidirectional stabilization of the retinal image resulted in a perceptual impairment only when the stabilized direction was orthogonal to the grating (note, however, that this effect might be due to all types of fixational eye movements). On the contrary, we observed that, for the two participants p1 and p2, saccade direction was predominantly distributed around the horizontal meridian, regardless of grating orientation (Fig. 6) . For participant p3, saccades were mainly oriented around the vertical meridian, with a larger variability and a small bias toward oblique axes when an oblique grating was displayed. Wismeijer and Gegenfurtner (2012) reported that when observers stared at oriented Gabor patches, small saccades (<1 deg) were directed preferentially orthogonally to the carrier orientation while larger saccades were directed preferentially along its orientation. However, Hicheur et al. (2013) described a pattern of direction modulation somewhat opposite. We re-evaluated this controversy by analyzing separately very small (60.5 deg), small (0.5-1 deg) and relatively large (>1 deg) saccades: we found no systematic change in saccade direction with grating orientation and the pattern of results was similar to the one reported above with the full set of saccades. Interestingly, participant p1 and p2 showed the same pattern of direction distributions with noise-only stimuli. For participant p3, saccade directions were strongly distributed along the horizontal and vertical axis in the noise-only condition.
Discussion
How the pattern of fixational saccades is dependent upon the properties of the visual scene has been a matter of intense research, with mixed results. Our grating detection study might supply some evidence in favor of this dependency for what concerns saccade amplitude and number. We should consider, however, that fixational behavior was highly idiosyncratic and no consistent relationship emerged with respect to grating spatial frequency or grating orientation. In particular, we did not find any support to the main prediction of the model proposed by Elsner and Deubel (1986) , as the mean saccade amplitude was never equal to half of the grating's spatial period. It did not even change monotonically with spatial frequency in presence of high-contrast noise and was highly variable across observers. We only reported (for three of the four participants) a significant, but small, decrease in saccade amplitude when comparing the lowest and the highest grating's spatial frequency in the presence of low-contrast noise.
On the other hand, the amplitude and number of fixational saccades varied consistently with grating contrast and noise luminance contrast. As grating contrast and noise contrast had opposite effects, we suggest that their ratio (i.e., the stimulus signal-to-noise ratio, or SNR) controls these saccade parameters. Saccadic amplitude and number were, indeed, consistently reduced when the target became more visible, in particular for saccades larger than 0.5 deg. The SNR effects reported here are novel. Most of the previous studies have reported no influence on fixational saccades when varying the luminance contrast of either small fixation targets (McCamy et al., 2013; Steinman, 1965) or natural scenes . Rolfs, Kliegl, and Engbert (2008) reported results that are consistent with ours, even though with a different paradigm and in a more restricted time window. They reported that the inhibition of fixational saccades (a drop in saccade rate about 100-300 ms after the onset of a foveal distractor) occurred earlier when the distractor had higher contrast. This inhibition was accompanied by a reduction of saccadic amplitude in high-and medium-contrast compared to low-contrast conditions. One other study showed instead, an increase in saccade amplitude and rate with more visible targets. Cui et al. (2009) conducted a generalized flash suppression experiment in which macaque monkeys had to report the disappearance of a target in a binocular rivalry condition. They found that fixational saccades were more numerous, slightly larger and biased toward the target location when this latter was visible. Many experimental differences might explain the discrepancies with our study. First, in Cui et al's, visibility was manipulated by adding rivalrous strong distractors. Second, manual responses required in their study during the course of a trial in order to indicate target presence or absence might have affected the pattern of fixational eye movements (Betta & Turatto, 2006) . Finally, as monkeys had to wait for the disappearance of a parafoveal target, the pattern of fixational saccades might have resulted from a monitoring strategy with covert shifts of attention toward the eccentric relevant location (Engbert & Kliegl, 2003; Hafed & Clark, 2002) . On the contrary, we required active search for the presence of a stimulus. This search was particularly engaging in low-visibility conditions, in which sampling different positions may be an adequate strategy to detect the grating. Note also that in our task manual responses were always executed only at the end of each trial and, therefore, were unlikely to affect saccade patterns. Finally, whereas Cui et al. (2009) analyzed the effects of all-or-none subjective target visibility, our work examined the influence of a physical continuum of visibility.
Overall, our findings indicate that the patterns of fixational saccades are only marginally affected by the low-level statistical properties of the stimulus during detection, apart from the signal-to-noise level. They also argue against usefulness of fixational saccades for fine information gathering in order to detect the grating, as the pattern of saccades was not correlated with perceptual performance.
Remarkably, we also reported that fixation behavior remained largely identical in noise-only displays, with only a notable further reduction of saccade number. This seems consistent with the idea that the pattern of fixational saccades might be dependent upon the general contextual task properties. As in our study all experimental factors, but grating contrast, were blocked, we propose that human observers can carry over a scanning pattern developed in a given contextual condition across all the trials of the block, regardless of the specific image type. Such carry-over biases have been previously observed, for instance during visual scanning of natural scenes (Thompson & Crundall, 2011) .
We shall also consider that the SNR effect on saccade amplitude and number might be confounded with a covariance between saccade parameters and perceptual performance. Previous investigations on the effects of fixational saccades on contrast sensitivity have yielded to some inconclusive evidence, showing enhancement (e.g., Clowes, 1962; Tulunay-Keesey and Jones, 1980) , reduction (e.g., Hass & Horwitz, 2011; Riggs et al., 1953) or absence of influence (e.g., Keesey, 1960; Rucci & Desbordes, 2003; Tulunay-Keesey & Jones, 1976) . These inconsistencies may partially depend on differences among stimuli and tasks that lead to different balance of low-level stimulus properties and high-level, attention-like effects (e.g., Hicheur et al., 2013; Ko, Poletti, & Rucci, 2010; Rucci & Desbordes, 2003; Rucci et al., 2007) . We investigated this controversial issue in our grating detection task, analyzing eye movements across a wide range of stimulus visibility and perceptual performance. We found that accuracy of detection was unrelated to the differences in either saccade amplitude or number, arguing against a role of fixational saccades in efficient gathering visual information for contrast detection. Saccade direction patterns reinforced this interpretation. The strong preference for horizontal saccades shown by two participants is consistent with a general trend already described in the literature (e.g., Foulsham & Kingstone, 2010; Tatler & Vincent, 2009 ).
Control experiment: grating detection with central fixation marker
In a control experiment, we questioned whether the absence of a central fixation marker might have played a role in our findings. For this reason, we implemented a detection task with a central fixation dot and an invisible fixation tolerance window, reproducing more standard conditions of presentation in fixational tasks. We might expect that a stricter fixation control, leading to a reduced fixation dispersion (Cherici et al., 2012; McCamy et al., 2013) would favor the emergence of a more consistent relationship between saccade amplitude and grating spatial frequency.
Material and methods
Participants
Two of the subjects from the previous experiment (p1 and p2, both authors) participated.
Material
The apparatus was the same as in Experiment 1. Stimuli were identical to Experiment 1 but only vertical gratings were used. A central black dot (diameter of 4 pixels, $0.15 deg) was always superimposed to the stimulus and an invisible central squared window (78 Â 78 pixels, 3 Â 3 deg) was set around this central dot to define the fixation tolerance window.
Procedure and data analysis
The procedure was identical to Experiment 1, with the exception that participants were instructed to fixate precisely the central dot during the whole stimulus duration (i.e., 3000 ms). Fixation was monitored on-line and when gaze leaved the tolerance window, an auditory feedback was given to the participants. A total of 450 trials were presented to each participant. The same software and data selection criteria as described above were used to extract saccades. The same analyses of performance and the effects of noise contrast, grating contrast and grating spatial frequency upon mean saccade amplitude and mean saccade number were conducted.
Results
Performance
Accuracy was at ceiling with low-contrast noise, while with high-contrast noise it improved as grating contrast increased (see Table 2 ).
Fixational saccades: amplitude and number
Similar to Experiment 1, both participants showed a significant main effect of noise contrast on saccade amplitude (F P 76.99, p < 0.001), with low-contrast noise images yielding to smaller saccades. In high-contrast noise stimuli, increasing grating contrast reduced the amplitude of saccades for the two participants (F P 4.47, p 6 0.004), the smallest amplitude being found with the highest grating contrast (0.12, p 6 0.038). With low-contrast noise, this effect was significant only for participant p1 (F = 3.43, p = 0.033). Effects of noise contrast or grating contrast were not consistent for saccade number, across participants and conditions. Similarly, no systematic changes in amplitude and number of saccades with grating spatial frequency were observed. Comparing correct and incorrect perceptual responses for high-contrast noise and middle-to-low grating contrast (6% and 3%) revealed a significant interaction between grating spatial frequency and accuracy: saccade amplitude was modulated by spatial frequency but only in incorrect trials (F P 3.05, p 6 .048). Again, however, saccade amplitude did not show a linear dependence upon the grating's period as instead predicted by Elsner and Deubel (1986) . No other consistent effects were found.
Discussion
A direct comparison with the previous experiment shows that a central fixation mark and a fixation tolerance window reduced the amplitude of fixational saccades (Cherici et al., 2012; McCamy et al., 2013) . However, we did not find any systematic relationship between saccade amplitude and grating spatial frequency. Moreover, the patterns of saccades were again very similar between noise-only and grating-with-noise test-images, suggesting the existence of fixation biases not related to the task-relevant information.
The previously reported reduction of saccade amplitude related to higher stimulus visibility persisted in the presence of the fixation mark.
We can therefore conclude that the pattern of results described for Experiment 1 cannot be attributed to the lack of a central fixation marker or of a tight control of fixation accuracy. 
Experiment 2: grating discrimination
The previously reported experiments showed that the amplitude and the number of fixational saccades were only barely related to stimulus properties and unrelated to perceptual performance during a detection task. In particular, the amplitude was not related to the grating spatial frequency, rejecting one of the major predictions of the model by Elsner and Deubel (1986) . One might still argue that the information about grating spatial frequency is not crucial for detection, but it would be so when requiring discriminating between two gratings according to their spatial frequency. Therefore, we ran a new experiment in order to analyze fixational saccades during this different low-level visual task. We introduced two other changes with respect to the previous experiments. First, rather than using a blocked design, all experimental factors (except the contrast level of the additive noise) were randomly interleaved. This should prevent our participants from maintaining an ''oculomotor set'' across a sequence of trials, ruling out a possible source of confound. Second, only oblique gratings were presented to check for the putative effects of stimulus orientation on saccade direction beyond the systematic horizontal biases classically reported for saccades (e.g., Foulsham & Kingstone, 2010; Tatler & Vincent, 2009 ).
Material and methods
Participants
Four participants were tested in accordance with CNRS ethical regulations for behavioral research and with The Code of Ethics of the World Medical Association (Declaration of Helsinki). Two of them (p1 and p2, both authors) had also taken part to Experiment 1 and to the Control Experiment. The two others were naïve colleagues, who gave their informed consent.
Apparatus and materials
The same apparatus as in the two previous experiments was used. The stimuli were supra-threshold gratings (Michelson contrast: 0.12), embedded in pink (1/f) noise at high (0.60) or low (0.03) contrast. The same Gaussian smoothing windows were used as in Experiment 1. The gratings had one of two orientations (À45 or +45 deg, with respect to the vertical upright direction, see Fig. 7 ) and one of three central spatial frequencies (SFo = 0.5, 1 or 2.5 c/deg). The test stimulus could be of higher (+0.3 * SFo or + 0.1 * SFo), lower (À0.3 * SFo or À0.1 * SFo) or same (SFo) spatial frequency as compared to the reference stimulus. Both stimuli were displayed on a medium-gray background.
Procedure
We used a two-interval forced choice paradigm, presenting the reference display and the test display in either the first or the second interval of each trial. Each participant was presented with 12 blocks of 80 trials each, with two possible values for the contrast of the background noise. Grating central spatial frequency, test spatial frequency, grating orientation, type of display, display order in each trial were counterbalanced and randomized within each block for each participant.
Participants underwent, prior to each experimental session, the same nine-point calibration procedure and, prior to each trial, the same single-point calibration-check procedure as described previously (see Section 2.1.4). Prior to each trial, a single-point calibration check was performed. If a medium-gray display appeared for 300 ms, followed by a single alternation of the test and reference stimuli, each shown for 3000 ms and separated by a 500-ms gap consisting in a medium-gray image (Fig. 7) . A 300-ms high-contrast (0.50) pink noise mask was presented after each grating display with low-contrast noise, in order to prevent any interference of grating afterimage on the fine judgments required by the task. Participants were explicitly instructed to keep fixating at the center of the screen while judging whether they saw the grating with the highest frequency in the first or in the second interval. Their judgment was provided by pressing one of two keys on the keyboard at the end of the trial. Both accuracy (% of correct responses) and response times were recorded, albeit only accuracy was analyzed.
Data analysis
The same software and selection criteria as described above for experiment 1 were used to extract saccades. Discrimination performance was fitted with the same procedure (see Section 2.1.5). Test and reference intervals in which ocular inspection of eye-movement traces revealed presence of artifacts were discarded from analysis (from 1.25% to 11.25% of the whole data, depending on the participant). Saccades with amplitude greater than 2.5 deg were also removed (from 0% to 5.55% of the remaining data). Separate ANOVAs were conducted for each participant in order to test the effects of noise contrast and grating central spatial frequency on mean saccade amplitude and mean saccade number per display. Differences between means of conditions were analyzed with SPSS Bonferroni corrected pairwise comparisons (two-tailed). Saccade direction distributions were computed for each grating orientation.
Results
Perceptual performance
Perceptual accuracy was improved as the frequency difference between reference and test displays increased. The sensitivity (i.e., the slope of the psychometric functions) was slightly better in low-noise than in high-noise conditions. No response bias was reported (see psychometric curves in Fig. 8 and Table 3 ).
Fixational saccades: amplitude, number and direction
First, we considered all saccades with amplitude smaller than 2.5 deg and occurring at anytime throughout the trial. Fig. 9 plots the saccade amplitude distribution, for each participant and grating spatial frequency, in the low and high contrast noise conditions. Fig. 10 plots the relationships between mean saccadic amplitude (left column) or number (right column) and grating spatial frequency, for each participant and the two additive noise conditions. The amplitude of the saccades was different when low-contrast noise was added, compared to the high-contrast noise condition, for three participants (p1, p2 and p3: F P 4.41, p 6 0.036; p4: F = 2.89, p = 0.089; see Fig. 10 ) but no systematic relationship was observed. In three participants (p1, p2 and p4), more saccades occurred with high-contrast noise patterns than in low-contrast noise (F P 18.30, p < 0.001). When comparing with the detection task, the effects of noise contrast were smaller and less consistent for saccade amplitude.
We carried out separate ANOVAs for high-contrast noise and low-contrast noise trials. In the presence of high-contrast noise, we found a significant effect of grating spatial frequency upon saccade amplitude for three participants (p2, p3, p4: F P 3.75, Fig. 8 . Performance at the grating discrimination task (experiment 2), in condition of high-contrast noise (left panel) and low-contrast noise (right panel). Discrimination psychometric curves are fitted with the Maximum Likelihood logistic function. p 6 0.024). However, the changes were not consistent across participants: p2 and p4 made smaller saccades as the grating frequency increased (p 6 0.027), whereas p3 showed a significant but very small ($0.2 deg) increase in saccade amplitude. Only two participants (p2 and p3) made significantly fewer saccades as grating spatial frequency increased (F P 3.05, p 6 0.048; pairwise comparisons: p 6 0.05). In the presence of low-contrast noise, the effects of grating spatial frequency were more systematic. For all participants saccades became smaller as the grating spatial frequency increased (F P 3.94, p 6 0.020). Participants p2 and p3 made fewer saccades with higher spatial frequencies (F P 4.25, p 6 0.015; pairwise comparisons: p 6 0.012).
To summarize, during spatial frequency discrimination fixational saccades became slightly smaller when the grating spatial frequency increased. This relationship was more consistent when a low-contrast noise was added to the grating, as compared to the high-contrast noise condition. These results suggest that the pattern of fixational saccades might be tuned to enhance extraction of spatial frequency information. To further investigate this possibility, we estimated the relationship between perceptual response accuracy and saccadic parameters, by analyzing trials where test and reference gratings differed in frequency. We ran this analysis separately for high-and low-contrast noise conditions. In the high-contrast noise condition, we found that saccades were smaller during correct trials for three of the participants (p1, p2 and p4: F P 3.29, p 6 0.07). We also reported a significant interaction effect on amplitude between accuracy and spatial frequency (p1, p2 and p3: F P 2.99, p 6 0.050) but the relationship was not consistent across participants. The number of saccades was not significantly affected by response accuracy. In the low-contrast noise condition, neither saccade amplitude nor number significantly varied with response accuracy.
The analysis presented here above focused on all saccades smaller than 2. Finally, we examined whether saccade direction depended on grating orientation. As shown in Fig. 11 , distributions of saccade directions were largely overlapping between the two grating orientation conditions, in both high-and low-contrast noise images. This observation remained true when considering separately different ranges of saccade amplitude (60.5 deg, 0.5-1 deg, >1 deg) and when comparing correct and incorrect trials.
Discussion
During spatial frequency discrimination, fixational saccades were marginally affected by stimulus properties. In the presence of low-contrast noise, the amplitude of the saccades decreased as the central spatial frequency of the grating increased. The fact that in this experiment the central spatial frequency of the grating varied trial-by-trial rules out the possibility that modulations depended on a context-related attentional/oculomotor set. The mild modulation of saccade amplitude with grating frequency might be taken as an indication that the period (or half of it) of the luminance pattern controls amplitude, as proposed by Elsner and Deubel (1986) . However, the effect was very small as the average amplitude of saccades varied by less than 0.2 deg when the half-period of the grating changed by a factor of 5, from 1 to 0.2 deg. When reducing grating visibility by increasing noise contrast, this relationship weakened and became inconsistent across observers. Moreover, discrimination accuracy was associated to some reduction of saccade amplitude and some increase of saccade 1 As for saccades >1 deg, only data from participant p1, in both high-noise and low-noise trials, were analyzed. The amount of observations in this range of amplitude for the other three participants was too exiguous to be analyzed.
production, but this was not consistent across observers and experimental conditions. Finally, the fact that saccade direction appeared preferentially horizontal and largely independent of grating orientation does not support previous reports of a preference for fixational and explorative (i.e., larger) saccades that are directed either orthogonally or along the orientation of the stimulus (Foulsham & Kingstone, 2010; Hicheur et al., 2013; Wismeijer & Gegenfurtner, 2012) . Overall, these results indicate that saccade properties are only weakly biased by grating properties, and this effect is even further reduced at low signal-to-noise ratio. During spatial frequency discrimination, no consistent strategy for fixational saccades seems to emerge across our limited (N = 4) number of participants.
General discussion
The role of fixational eye movements in visual perception has been a matter of intense debate over several decades (for reviews see Collewijn & Kowler, 2008; Martinez-Conde, Macknik, & Hubel, 2004; Rolfs, 2009) . This study investigated the adaptive nature of fixational saccades in human observers during two classical low-level perceptual tasks. We tested whether and how amplitude, number and direction of fixational saccades may be modulated while gathering visual information about task-relevant stimulus characteristics (e.g., Hicheur et al., 2013; Ko, Poletti, & Rucci, 2010) . By varying the properties of the task (type and difficulty) and the properties of visual stimulation (spatial frequency content, luminance contrast and orientation of the stimulus, luminance contrast of the background 1/f noise), we aimed in particular at exploring the respective contributions of task needs and image properties to saccadic modulations.
Grating detection and discrimination: a role for saccades?
Our study unveils a complex picture. In our experiments we did not report any robust and systematic modification of oculomotor behavior as a function of the grating's properties, except for two findings.
First, for saccades larger than 0.5 deg, there was a consistent reduction of saccade amplitude with higher luminance-contrast signal-to-noise ratio (SNR) during grating detection; this was accompanied by a decrease in saccade number. This is the first report, to our knowledge, of such negative correlation across a relatively extended SNR range of values. The fact that the SNR effect was much weaker in discrimination may suggest that the specific task requirement influences this relationship. Discrimination depended primarily on the frequency difference between reference and test gratings, and only marginally upon the luminance SNR. On the contrary, visibility was the key stimulus property for grating detection.
The second main finding concerns the modulation of fixational saccades as a function of grating's frequency, showing that the effect (1) was greater in the discrimination task than in the detection task, and (2) might be slightly stronger when the background is less noisy.
We may speculate that the greater impact of grating frequency in discrimination was related to the key importance of acquiring highly precise information about grating frequency in order to succeed in the task. Moreover, the fact that the central spatial frequency of the grating in the discrimination experiment varied trial-by-trial (at discrepancy with detection) rules out the possibility that modulations depended on a context-related attentional/oculomotor set in this task. However, our findings indicating an impact of the frequency content of the grating on fixational saccades must be interpreted carefully, even when considering the discrimination experiment. First, the spatial frequency of the grating did not always affect coherently saccade amplitude when discriminating between high-noise images. Second, the modulations were often very small (generally less than 0.1 deg across frequency pairs). Finally, no consistent associations across observers and experimental conditions were found between saccade parameters and discrimination accuracy, arguing against any effective modulation strategy. Overall, across all the experiments, we cannot conclude in favor of an on-line adaptation to the requirements of the task at hand and to relevant properties of the stimulus. We did not report, indeed, any consistent evidence of a direct role of fixational saccades in visual scrutiny, whereby saccade amplitude would adapt in order to improve the extraction of task-relevant spatial information. In particular, we did not find any support to the model of Elsner and Deubel (1986) , who proposed that an amplitude close to the grating's semi-period would have maximized luminance differences across fixations and, therefore, optimized the retinal sampling of the regular spatial details necessary to detect a grating (see also . In the grating detection task, saccade amplitude did not depend on the grating's period in a monotonic way and, definitely, did not correspond to the grating's semi-period.
Several other aspects argue against an important role of fixational saccades in order to improve information gathering in our study. First, correct detection or discrimination was not systematically accompanied by an increased production of saccades. Second, saccade direction during detection (except for a participant) and discrimination was largely unaffected by the orientation of the inspected stimulus, being horizontal in most of the cases, as we would expect when observers apply the common ''default'' scanning bias (see Foulsham & Kingstone, 2010; Tatler & Vincent, 2009) . Finally, in the detection task, we showed that the patterns of saccade amplitude and direction were largely independent of the presence of stimulus information, being also observed with noise-only configurations. This was also true for the number of saccades when considering trials with high-contrast noise.
Multiple influences on fixational instability
Several factors characterizing our study deserve consideration. A first aspect is related to the type of experimental design. The above-mentioned similarity, in the detection task, of fixation patterns between images with grating and images with only background noise might be due to the blocked design of that experiments, which led to maintain a given scanning pattern across all trials of a block. If it is the case, future studies will have to define the mechanisms at the basis of such a behavioral persistence and to put it in relation to the previously observed oculomotor carry-over effect across different tasks (e.g., Thompson & Crundall, 2011) .
A second aspect concerns the role of the background 1/f noise we used (regarding the effect of background noise, see also Hicheur et al., 2013) . Previous research has indicated that a specific function of fixational eye movements is to limit the impact of the predominant low frequencies of the 1/f spectrum characteristic of natural scenes: fixational eye movements would thus enhance the extraction of spatial details Rucci et al., 2007) . The reduction in saccade amplitude and number we found in noise-only images, when comparing high-contrast with low-contrast noise, might suggest a role of the high-contrast 1/f noise in promoting fixational instability. In addition, other work in our team (Simoncini et al., 2012; in preparation) has shown that fixational saccades may be attracted by salient blobs in natural statistics, random-texture stimuli interfering with the maintenance of steady central fixation.
A third aspect relates to the purpose of our study, which was designed to promote active search of information within the foveal region. In this respect, we should consider the possible consequences of introducing some degree of conflict between the instruction of maintaining central fixation and the implicit requirement of the task to inspect the image in order to detect grating's presence or to reach a fine judgment on grating's spatial frequency. Beyond a possible overall increase of fixational instability, we do not believe, however, that such ''double demand'' during our study has affected the results considerably. The most detailed information about the stimulus was always presented in the center of the image and, as a matter of fact, intrusions of larger saccades were rare. No substantial differences in saccadic modulations were found when comparing conditions of ''relaxed fixation'' with conditions of more accurate sustained fixation imposed by the presence of a central fixation marker and a small tolerance fixation window (see Control experiment).
A fourth, final aspect is the high interindividual variability that we observed in both tasks, in particular when comparing different conditions of grating spatial frequency and when considering the ranges of preferred amplitude and rate of saccades. While several investigations devoted to idiosyncrasies in patterns of explorative eye movements exist (e.g., Andrews & Coppola, 1999; Buchsbaum, Pfefferbaum, & Stillman, 1972; Castelhano & Henderson, 2008) , we believe that the influence of the individual specificity of the observer has been underestimated in research on fixational eye movements (but see Cherici et al., 2012; Poynter et al., 2013; Rolfs, 2009) . Further studies, with a larger number of participants than the present work, appear therefore necessary to investigate this topic properly.
The fact that fixational saccades are modulated in a complex way by image, task and idiosyncratic factors argues for multiple influences biasing the pattern of eye movements, coherently with recent neurophysiological evidence, from recordings in the monkey superior colliculus, that visual fixation is the result of a dynamic equilibrium (Goffart, Hafed, & Krauzlis, 2012) .
Keeping in mind all the aforementioned specifications, we believe that our results offer some insight to orient further investigation of fixational saccades during different conditions of stimulus visibility, task engagement and task-related priorities.
